The ability to determine fuel assembly burnup has important non-proliferation implications since proliferation activities involve irradiating fuel assemblies to a much lower level of burnup than is normal in commercial Light Water Reactor (LWR) practice, and/or irradiation of separate targets. Similarly, a method of determining burnup could be used to confirm declared operation for a reactor that is operating under IAEA safeguards. It is possible to estimate fuel assembly burnup by measuring gamma and neutron radiation from spent fuel. However, the accuracy of these measurements depends on fission product gamma ray emission ratios that decay with relatively short half-lives. The use of isotope ratio measurements to measure the level of neutron exposure that material has received has been very well demonstrated for samples of high-purity graphite and aluminum alloys (Cliff et al. 2005; Gesh 2004; Gerlach et al. 2006) . The current project is an attempt to demonstrate that isotope ratio measurements can be extended to zirconium alloys used in LWR fuel assemblies. Zirconium alloys are used for structural elements of fuel assemblies and for the fuel element cladding. This report covers proof-of-principle measurements done on unirradiated zirconium alloys, and resulting measurements show that:
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1. Titanium 48/Titanium 49 ratios can be measured in zirconium alloys using a Secondary Ionization Mass Spectrometer (SIMS) -enough titanium was present in each of six samples tried to allow correction of interfering ions.
2. The Ti 48/49 ratio measured in unirradiated zirconium alloy is, within a narrow error band, the same as that found in natural, unirradiated zirconium, and suggests that the natural Ti ratios can be assumed to be the initial starting values before irradiation.
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Introduction
This report describes progress in Secondary Ionization Mass Spectrometry (SIMS) measurements of 49 Ti/ 48 Ti ratios in unirradiated zirconium alloys, specifically Zircaloy-2 (Zr-2), Zircaloy-4 (Zr-4) and ZrNiobium. The level of Ti impurity varies randomly from batch to batch of zircaloy. However, the absolute quantity of titanium does not affect the accuracy of isotope ratio measurements, so long as there is a measurable ion signal using the SIMS.
Secondary Ionization Mass Spectrometric (SIMS)
Analysis of Zircaloys
SIMS Background
Secondary ionization mass spectrometry (SIMS) analysis is a mature and highly successful analytical method, is usually conducted directly on samples with little or no preparation or separation chemistry, and offers advantages of quick turnaround compared to other mass spectrometric analysis methods requiring time-and labor-intensive preparation. SIMS analysis employs a focused beam of high-energy primary ions directly bombarding the sample surface to sputter the sample and is capable of high spatial resolution compared to laser ablation. Transfer of energy and momentum results in ejection of neutral and charged particles (ions to complex molecules), and this removal is called sputtering.
In further contrast to other mass spectrometric analysis methods, SIMS is capable of microscopic physical spatial resolution in addition to elemental or isotopic analysis. This is due both to the spatial resolution afforded by using a primary ion beam for initial sputtering and the secondary ion optics. Some ion beams can sample small areas down to 1 micron in diameter, a much smaller spot size than achievable by laser ablation. A typical SIMS instrument is designed with astigmatic spherical ion optics so that relative positions of all secondary ions from a given area on the sample surface are preserved when reaching an ion imaging detector. Spatial resolution provided by SIMS results in analysis of microscopic features in a sample material or microscopic objects, and evaluation of microscopic elemental and isotopic heterogeneity in a very small area (micron-scale) with either ion counting detectors or ion imaging detectors.
The detection efficiency for SIMS is comparable to, or better than most, other mass spectrometers, but may vary with element and the sample matrix containing the element of interest. The amount of sample consumed by the SIMS primary ion beam may be very small, less than a few cubic microns. Production of secondary ions from a sample depends to a large extent on the electron affinity (for negative ions) and the first ionization potential (for positive ions) of the element of interest. Sample matrix effects in SIMS analysis can affect secondary ionization of the element and concentration determinations, and matrix-matched standards are usually employed. Matrix effects must be accounted for when measuring inter-element ratios such as U/Th, but are of little concern for analysis of isotope ratios. As in other mass spectrometers, molecular and isobaric interferences must be avoided or considered during SIMS analysis.
SIMS Approaches for Analysis of Zircaloy Samples
The project aims involve analysis of changing isotope ratios of selected impurity elements in irradiated Zircaloy samples. The Zircaloy sample matrix affords a high sputtered ion yield, providing good detection capability with minimal sample consumption. Minimal sample sizes may be utilized to reduce levels of radiation during handling, transfer, and analysis of irradiated samples.
Zircaloy-2 (Zr-2) consists of 98.25 weight % zirconium with 1.45% tin, 0.10% chromium, 0.135% iron, 0.055% nickel and 0.01% hafnium. Other sources specify Zircaloy-2 as zirconium with 1.20-1.70% tin, 0.07-0.20% iron, 0.05-0.15% chromium, and 0.03-0.08% nickel, with tin content at the lower and the iron/chromium/nickel content at the higher end of the specification. Zircaloy-4 (Zr-4) consists of 98.23 weight % zirconium with 1.45% tin, 0.21% iron, 0.1% chromium, and 0.01% hafnium. Two additional samples in this study are ZrNb alloys, where the Zr is replaced by 2.5 to 3% Nb Initial studies were conducted on 'cold' samples. A total of six samples of different Zircaloys were obtained from PNNL colleagues and from Teledyne Wah Chang Albany in Oregon. To determine the presence of impurity elements and to assess molecular interferences arising from interactions of sample matrix elements (Zr, Nb mainly) with the SIMS primary ion beam (O 2 + ions were used), scans of the mass spectrum were done on samples. Several examples are shown in Figures 1-3 , beginning with an overall scan from H to Pu, and ending with a scan more focused on the Ti isotope mass range. 
SIMS Measurement of Ti Isotope Ratios in Unirradiated Zircaloy Samples
Because it varies strongly with irradiation, is reasonably easy to resolve using the SIMS technique, the most useful isotope ratio identified so far for determining irradiation levels is 49 Ti/ 48 Ti. Previous project work at PNNL revealed that titanium is a useful impurity to study when looking for fluence indicators; the ranges of neutron fluence exposure and fuel burnup wherein this ratio is useful was also determined (Reid et al. 2001 Figure 4 . In this example (Figure 4) , the ion count rates (left-hand y axis) are shown along with the ion count rate for the half-mass 91 Zr +2 interference. All Ti ion count rates except for 49 Ti are higher due to other Zr +2 interferences, e.g., 92 Zr +2 at mass 46, etc. (Both zirconium 91 and zirconium 96 were present in the sample and each presents its own interference.) The lower plots with connected data points show cycle-by-cycle isotope ratios normalized (%) to a cumulative running average for each ratio (right-hand y axis) during the run and illustrate how stable the signals are, even with the interferences.
The Zr isotope ratios were analyzed separately from Ti isotope ratios in several samples to measure possible mass bias effects on the Zr ratios. Assuming natural starting Zr isotope ratios, the measured mass bias was also applied in calculating the ion count rates due to the Zr +2 interferences in the Ti mass range, which were then subtracted to correct the Ti ion count rates, especially for the interference 96 Zr +2 affecting 48 Ti ion counts. A total of five spots were pre-sputtered in each of the six various Zircaloy samples, and several Ti isotope ratio acquisitions taken in each spot, as in the example above.
As demonstrated in the following table, the magnitude of the correction on the 48 Ti ion count rate is substantial in most samples, but the corrected 49 Ti/ 48 Ti ratios are within 0.7% between the various samples, and all are close to the natural value for 49 Ti 48 Ti, which is 0.0745. The apparent difference in the measured values below and the natural value is a typical difference termed instrument measurement or mass bias apparent in most types of mass spectrometric analysis and arises from specific instrument design parameters, fundamental elemental properties, and specifically in SIMS, slight differences in ion energies and sputtering yields. (The statistical approach to the corrections will be discussed in an upcoming report.)
One of the samples (Zr2) displays less difference between uncorrected and corrected 49 Ti/ 48 Ti ratios, and this indicates that this sample is higher in Ti impurity than the other five samples. The absolute contents of Ti and other impurity elements do not affect isotope ratios measurements unless the contents are altogether too low to obtain ion count rates for desired measurement precision and accuracy. Thus far, the Ti contents in these six representative samples were adequate for good measurement and good reproducibility, as shown in Table 1 . SIMS analysis can also be used to measure impurity element abundances in most sample matrices, using different analytical settings and either using matrix-matched standards or some reasonable assumptions. Analyses are underway to determine approximate contents of Ti and a few selected impurity elements in the six Zircaloy samples with the goal of finding additional species that could be useful in determining irradiation levels, and to determine minimum impurity element contents for successful isotope ratio measurements.
Preliminary Measurements of Ti isotope Ratios in Irradiated Zircaloy
Irradiated sample studies will be discussed in much greater detail in a subsequent deliverable, however the opportunity to analyze a sample presented itself and so the analysis was performed. A sample of irradiated Zircaloy-4 used in a tritium-producing target was available at PNNL and was assessed for measurement suitability. The level of radioactivity from one or more gamma emitters and the level of tritium in the sample, even after vacuum furnace treatments, was high relative to allowed limits for radioactive samples on the PNNL SIMS instrument. This required subdividing the sample into smaller portions for analysis. The sample was also somewhat brittle and friable, and we devised a way of mounting very small pieces, approximately 50 microns in the longest dimension, but only one at a time, pressed into high purity indium metal, which is relatively soft, and would form a conductive matrix when mounted into a typical SIMS sample holder. The sample mounting method devised utilized a highpowered optical microscope and a high-precision micromanipulator to track the microscopic sample piece and place it in position for mounting in the indium metal.
The small portion of sample was easily located by moving the SIMS sample stage around until a strong obvious Zr ion signal was found. Ion imaging detectors helped delineate the shape of the exposed sample piece and to precisely position the piece for analysis. The high purity Indium (In) appeared to have no measurable Ti, but to avoid ambiguities in measurements, SIMS settings were adjusted to select only ions from a small 10-or 25-micron-sized ion aperture, guided by using a real-time Zr ion image. The small piece was consumed in approximately 1 to 1.5 days' analysis time, and other sample pieces will be analyzed in the near future. A number of analyses were conducted on the sample piece, with some 49 Ti/ 48 Ti ratios definitely reflecting an irradiation effect, and others trending toward natural, possibly indicating some contamination with natural Ti during handling and mounting.
